Genomic sequences are far from being random but are made up of systematically ordered and information rich patterns. These repeated sequence patterns have been vastly utilized for their fundamental importance in understanding the genome function and organization. To this end, a comprehensive toolkit, RepEx, has been developed which extracts repeat (inverted, everted and mirror) patterns from the given genome sequence(s) without any constraints. The toolkit can also be used to fetch the inverted repeats present in the protein sequence(s). Further, it is capable of extracting exact and degenerate repeats with a user defined spacer intervals. It is remarkably more precise and sensitive when compared to the existing tools. An example with comprehensive case studies and a performance evaluation of the proposed toolkit has been presented to authenticate its efficiency and accuracy.
Introduction
DNA molecules serve as the central repository for genetic information in the living system. It regulates the flow of this information efficiently to encode other macromolecules such as proteins and ribonucleic acids that drive the living system. Once in a while, DNA comes under environmental stimulus which brings about subtle variations. These variations are sometimes non-repairable and lead to events like mutations, slipped strand mispairing and unequal crossing-over, which when gradually aggregated during the course of time is responsible for the inception of sequence repeats [1, 2] . Superficially, repeated DNA sequences can be viewed as a particular genomic fragment that reiterates itself throughout the genome varying from a few to several thousand nucleotides in length. However, biologically they can be associated with several relevant phenomena. They can be considered as elements that establish functional association between genes in genetic networks, co-expression of genes and sometimes as an entire gene or operon [1] [2] [3] . Repeats (due to its intricate nature and events like base substitutions and translocation) are seldom identical i.e. do not necessarily exist as an exact repeat ( Fig. 1.1 ) but occur as degenerated repeats (also known as approximate and imperfect repeats; Fig. 1.2 ). Repeats in general, can be broadly cataloged into two fundamental classes based on their distribution: "tandem repeats" and "dispersed repeats". Tandem repeats are contiguous DNA fragments adjacent to each other containing mini and micro-satellites and gene tandems; whereas dispersed repeats are interspersed DNA fragments including Long and Short Interspersed Elements (LINEs, SINEs) containing mostly inactive transposons and gene paralogues [3, 4] . Repeats can also be cataloged based on their orientation, such as -direct, inverted (which also includes palindromes), everted and mirror (Fig. 2) ; that are known to play important roles in genome function and organization. Direct repeats (Fig. 2.1a ) are genomic segments that are exactly duplicated elsewhere on the same strand of DNA. DNA supercoils into various secondary structures spontaneously due to specific DNA repeats such as slipped strand DNA structure which is influenced by direct repeats. Inverted repeats (Fig. 2.1b) on the other hand are the genomic sequences that are reversed and duplicated on the opposite strands (3′ to 5′) of the DNA. When a genomic segment is exactly duplicated on the opposite strand (3′ to 5′), these repeats are termed as everted repeats (Fig. 2.1c) . Lastly, mirror repeats ( Fig. 2.1d ) are the same as direct repeats except that the duplicated regions are reversed on the same strand.
Cruciform, intramolecular triple stranded DNA and parallel stranded DNA are all influenced by the inverted, mirror and everted repeats, respectively. Diseases related to repeat pathogenicity have been widely reported in the past for instance, slipped strand DNA structures (influenced by direct repeats) are associated with Huntington's and Parkinson's disease [5, 6] . Further, it has been demonstrated that the location and the unstable expansion of the repeats (tri-, tetra-, penta-, hexanucleotides and microsatellites) regulate the pathogenic machinery through anomalous protein function: loss of function typically by interference with transcription and RNA/protein toxic gain of function [7] [8] [9] . These anomalies lead to various disorders such as Fragile X syndrome, Friedreich's ataxia, myotonic dystrophy, X-lined spinal and bulbar muscular atrophy [6, 8] . Apart from their widely acknowledged pathogenicity, these repeats have also been ascertained in structural and functional association of the regulatory network of epigenesis, replication, transcription and evolution [10, 11] . These repeats are being extensively exploited in research and finding these repeats at the genome level can be time consuming and computationally exhaustive. Thus, there is a paramount need to identify these genomic repeats in a fast and efficient way. To this end, RepEx, an efficacious toolkit has been proposed which identifies the above mentioned repeats from multiple genome/protein sequences in a near linear time. In general, methods for identifying repeats can be developed for finding exact and degenerate repeats. RepEx is capable of finding both. To extract direct and inverted repeats, there are many algorithms available [12] [13] [14] [15] [16] . However, for detection of everted and mirror repeats, to the best knowledge of the authors, there exists no efficient and robust toolkit. Thus, the core of the proposed toolkit has been specifically designed and optimized for the same. The proposed toolkit utilizes suffix tree to find multiple local alignments which in turn is employed to identify the repeats in genome sequence(s).
Methods
The core of this toolkit (Fig. 3) involves finding multiple local pairwise alignments between the query and its ancillary sequence (it is the modified query sequence based on the user defined repeat options). Then appropriate logical filters are applied to recognize the repeats among the generated local pairwise alignments. The operations are summarized in the following steps: a) Generates necessary ancillary sequence(s) for a user given input and repeat options. b) Perform pairwise alignments to find all possible multiple local alignments between the input and its ancillary. c) Identify repeats from the resulting multiple local alignments.
The pairwise alignments are performed by searching through the suffix tree generated for the given sequence. This method facilitates a compact representation by storing all possible suffixes for the given query strings. In order to govern the local alignments through suffix tree, an open source package, MUMmer [17] is deployed. After the local alignments are determined, the repeats are identified through logical filters as described in Section 3. Locally developed PERL scripts are utilized for this purpose. In the proposed toolkit, RepEx, the use of suffix tree has provided the advantage of both near linear time and space complexity. Therefore, for a large genome, the running time increases linearly with size making it efficient, faster and more robust.
Implementation
RepEx can be used to identify the repeats from both genome and protein sequence(s). Let S be a sequence, N be the length of the sequence S, and Ŝ, Ş and Š denote the complement, reverse and reverse complement of S, respectively. Circumflex S (Ŝ), here in this context, symbolizes an operation for customary base complementarity e.g., if S = ATGC then Ŝ = TACG. Caron S (Š) symbolizes the operation for reverse complementarity, so Š = GCAT and Ş symbolizes reverse, which corresponds to CGTA. Let
represent the local alignment between the two sequences S 1 and S 2 , where i, j and p, q are the positions of the subsequence in S 1 and S 2 , respectively. The subsequent subsections describe various conditions deployed in the toolkit to identify inverted, mirror and everted repeats.
Inverted repeat
Let i, j and p, q be the respective positions of the subsequence of S and Š. For a local alignment to be identified as an inverted repeat, it has to satisfy the following logical condition.
in the sequence S. 
Mirror repeat
A local alignment is recognized as a mirror repeat, if it satisfies the following condition, where i, j and p, q are the respective positions of the subsequence of S and Ş.
in the sequence S.
Everted repeat
Let i, j and p, q be the respective positions on the substrings of S and Ŝ. For a local alignment to be identified as an everted repeat, it has to satisfy the following condition.
These conditional filters facilitate the identification of the exact repeats from the given sequence(s). To cull out the degenerate repeats, RepEx utilizes the recognized exact repeats as seeds and links them by allowing gaps and mismatches.
Options
RepEx uses four nucleobases for DNA and 20 standard amino acid residues for proteins. Users can provide the minimum length of the repeats to be identified and can also decide upon the proximity of the repeating copies to be as local, global or can define their own spacer intervals. If the number of nucleobases between the two repeat copies in a given sequence is less than 100, then these copies are treated as local repeats. On the other hand, if the number of nucleobases exceeds 100, they are treated as global repeats [18] . RepEx provides an option for the users to extract either exact or degenerate repeats or both together with user defined spacer intervals.
Case study

Inverted repeat in DNA
Many a times, bacteria are faced with environmental challenges which when answered appropriately correspond to its survival. They Fig. 3 . Work flow of RepEx: for the user defined query sequence(s) and preferential repeat type, the corresponding ancillary sequence(s) is generated. A multiple local pairwise alignment is performed between the query sequence(s) and the ancillary sequence(s). The appropriate candidate repeats are culled from the pairwise alignments by employing relevant logical filters.
respond to the relative changes in nutrient concentrations with the course of time. Complex regulatory mechanisms have evolved to coordinate their cellular requirements. Carbon catabolite repression is such an event which controls the regulatory interactions in various microorganisms. Lately, catabolite repression has been extensively studied in Escherichia coli [19] . The catabolite repression is facilitated by catabolite repressor/activator (Cra) proteins, which regulates the carbohydrate metabolism. Cra, a member of LacI-GalR family, binds to an inverted repeat present in the promoters of the target operons and activates/ represses the transcriptional process. The complete genome of E. coli (GenBank accession No. U00096; length: 4639675 base pairs) was given as input to the proposed toolkit to extract both exact and degenerate inverted repeats [19] of a minimum length of 5 nucleobases with no spacers. The results were obtained in 14 s (performed on a 64 bit Linux box with 3.0 GHz Intel Core 2 Duo processor and 8 GB RAM). As anticipated, RepEx identified the inverted repeat TGAAAC*GTTTCA [query position from 2261606 to 2261617] (where * indicates the center of symmetry) to which Cra binds, causing either activation or inhibition of transcription.
Mirror repeats in DNA
Mirror repeats are known to form triplex H-DNA; these repeats are usually purine or pyrimidine rich sequences. It is demonstrated that the structures of H-DNA are intrinsically mutagenic in mammalian cells [20] . They are known to induce large scale mutations such as deletions and/or rearrangements at a higher frequency [21] . Identification of H-DNA forming mirror repeats helps to pinpoint sequences that are susceptible to high frequency mutations, which in turn helps in understanding the fundamental molecular basis of diseases like autosomal dominant polycystic kidney disease (ADPKD). Mutations in the human PKD1 (polycystic kidney disease) gene account for up to 85% of ADPKD cases [22] . The gene PKD1 is shown to consist of several H-DNA forming mirror repeats [23] . RepEx was used to examine the mirror repeats in PKD1 gene of human chromosome 16 (GenBank accession No. NC_000016.9; length: 90354753 base pairs). Mirror repeats with spacer length less than 1000 base pairs are extracted for both exact and degenerate repeats. A total of 24 degenerated mirror repeats with repeat lengths ranging from 30 to 324 base pairs and seven exact mirror repeats were identified by RepEx in 2.5 min (performed on a 64 bit Linux box with 3.0 GHz Intel Core 2 Duo processor and 8 GB RAM). From these results (Table 1) , it is evident that the repeat sequences are purine or pyrimidine rich, indicating a high chance of H-DNA formation. 
Palindromic repeats in protein sequences
Palindromic repeats are very common in proteins, as much as 26.8% of protein sequences present in the swissprot database have at least one palindromic repeat [24] . Most of the palindromes observed in proteins occur often in low complexity regions [25] ; therefore, they may not necessarily have a definite structure. However, some studies have shown that the palindromes may have a high propensity to form α-helical structures [25] . Palindromes are also particularly abundant in DNA binding proteins [26] . p53 is a tumor suppressor protein that adopts a complex mode of action where it binds to DNA and takes part in the reparation through various regulatory mechanisms. It also induces apoptosis when the DNA is irreparable. RepEx was used to analyze the p53 protein (GenBank accession No. NP_000537; length: 393 amino acids) for palindromic repeats. RepEx identified two palindromes (Table 2) in 0.13 s (performed on a 64 bit Linux box with 3.0 GHz Intel Core 2 Duo processor and 8 GB RAM), one of which (LTIITL) is known to localize in the DNA binding domain of the protein [27] . RepEx can process multiple sequences in a near linear time; this is a noteworthy and a useful feature for researchers wanting to study large databases of proteins.
Repeats in simulated random sequences
RepEx has been validated using a randomly simulated protein and DNA sequence (refer to Supplementary section for simulated sequences).
Inverted repeats (proteins and DNA), mirror repeats (DNA) and everted repeats (DNA) were manually inserted into the random sequences. RepEx was employed to identify repeats (inverted, mirror and everted repeats) of length greater than or equal to 8. The proposed tool identified all the manually inserted repeats (i.e. true positive hits) without producing any false positives (Table 3) .
Performance evaluation
The performance of RepEx is evaluated with that of the existing inverted repeat detection tools IRF [15] and einverted [16] . Four different genome sequences of varying lengths are given as input to each of the above mentioned tools. All computations (i.e. the extraction of exact and degenerated inverted repeats) are performed with default parameters of the individual tools on a 64 bit Linux box with 3.0 GHz Intel Core 2 Duo processor with 8 GB RAM. The computation time utilized by RepEx is significantly less when compared to that of IRF and einverted (Table 4) . Besides the computation time, a differential delineation of the results is performed. The results are first cataloged into their respective classes (exact and degenerate) and a PERL script is executed to reckon the results (Table 5) . From this, it is apparent that RepEx is remarkable in culling exact repeats and is relatively better in extracting degenerate repeats. Therefore, RepEx is highly suitable for detecting exact and degenerate repeats in large genome sequences.
Sensitivity and precision of RepEx
To evaluate the precision and sensitivity of RepEx, its repeat extracting competency is compared with the above mentioned tools. To facilitate this evaluation, two simulated test sequences are designed -with (positive test sequence) and without (negative test sequence) inverted repeat. For the positive test sequence, a set of inverted repeats of length seven is strategically inserted in the simulated random DNA sequence to measure the true positives. To measure the false positives, a negative test sequence is generated by excluding the incorporated inverted repeats from the positive test sequence. All the tools considered in this study are allowed to extract the inverted repeats (of length seven) from the positive and negative test sequences. Based on the results, a confusion matrix is constructed to calculate the precision and sensitivity (also known as recall) of individual tools. Both the precision and the sensitivity ranges over 0 to 1 and the value one corresponds to the perfect extraction of repeats. It is observed that, the precision of both RepEx and IRF is maximum (i.e., precision is equal to one), which implied that the tools (RepEx and IRF) have the maximum positive prediction value as they extracted most pertinent (i.e. the extracted repeats are all inverted repeats) rather than extraneous results. Subsequently, sensitivity is measured, for RepEx the sensitivity is maximum (i.e., sensitivity is equal to one) and for IRF the sensitivity is 0.16. The sensitivity can be defined as the proportion of inverted repeats that are extracted; this implies that RepEx is able to extract all the incorporated inverted repeats, while IRF is able to extract only 16% of the incorporated inverted repeats. The tool einverted did not find any inverted repeats from the positive and negative test sequences, thus, making both its precision and sensitivity the least (i.e., zero).
As precision and sensitivity are two independent measures addressing different attributes of the individual tool's capability, a single number evaluation metric, F 1 score (also known as F score) is implemented to measure the overall competency of the individual tools. It is a standard statistic measure that compromises between sensitivity and precision and is the harmonic mean of precision and sensitivity. F 1 score ranges over 0 to 1. The F 1 score for RepEx is 1, while for IRF it is 0.28. Thus, from the above three measures, it is evident that the proposed toolkit, RepEx has the highest true positive rate and has the ability to extract virtually all of the relevant repeats from the subjected query sequence. 
Conclusion
A fast and robust toolkit, RepEx, is proposed to identify the major repeat types available in the genome and protein sequences. Also, it detects both exact and degenerate repeats with a user defined space intervals. Based on the precision, sensitivity and F 1 score, it is evident that RepEx proves to be accurate compared to the existing tools. Further, it works for multiple gene or protein sequences. This is the first toolkit which is capable of extracting the above discussed repeats from multiple and large genome sequences in a near linear time. RepEx  323  74  2426  117  37,238  15,128  141,250  137,266  IRF  2  28  16  258  286  3335  898  137,480  Einverted  0  35  29  332  156  2950  340  28,994 
